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Single molecule microscopyAt themoment,manymodels on T cell signaling rely on results obtained via rather indirectmethodologies, which
makes direct comparison and conclusions to the in vivo situation difﬁcult. Recently, a variety of new imaging
methods were developed, which have the potential to directly shed light onto the mysteries of protein associa-
tion at the T cell membrane. While the new modalities are extremely promising, for a broad readership it may
be difﬁcult to judge the results, since technological shortcomings are not always obvious. In this review article,
we put key questions on the mechanism of protein interactions in the T cell plasma membrane into relation
with techniques that allow to address such questions. We discuss applicability of the techniques, their strengths
and weaknesses. This article is part of a Special Issue entitled: Nanoscale membrane organisation and signalling.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Protein association iswidely observed in a broad variety of biological
settings [1]. It includes the homo- and hetero-associations of cytosolic
proteins as well as membrane proteins. Protein associates, however,
are vaguely deﬁned entities, since interactions can be transient or stable,
result inmobile or immobile complexes, theymay include (and depend
on) other constituents, or the protein of interest can interact directly or
indirectly, and so forth.
In the simplest situation, proteins associate with each other directly
via speciﬁc amino acids that facilitate cognate bindingby either covalent
bonds, ionic interactions, hydrogen bridges or hydrophobic interactions.econstructionmicroscopy; BiFC,
minescence resonance energy
nmotives; EM, electronmicros-
rescencecross-correlationspec-
g; FRET, Förster resonant energy
nmotives; Lck, lymphocyte spe-
, number and brightness; PALM,
ecule tracking; SiMPull, single-
n analysis; TCR, T cell receptor;
iometry of labeling; TCCD, two-
le membrane organisation and
.The particular topographic match of the interacting surfaces may give
rise to a variety of afﬁnities covering orders of magnitude in association
constants and interaction lifetimes. Direct protein interactions can be
strongly inﬂuenced by the local chemical environment. For instance,
protonation of negatively charged amino acids (Glu or Asp) or depro-
tonation of positively charged amino acids (Lys, Arg, His) due to alter-
ations of the local pKa value within the folded polypeptide chain
results in neutral functional groups. In addition to charged amino
acids, charged interaction surfaces on proteins can also arise from the
post-translational modiﬁcation of amino acids carrying a reactive hy-
droxyl group (Ser, Thr, Tyr) with phosphate. Protein interactions can
therefore be regulated both by the local environment and by chemical
modiﬁcation. In a more complex setting, protein interaction interfaces
can also contain co-factors, such as divalent cations ormetals that stabi-
lize the binding, for example via a metal-complexing structure [2].
In this review article, we focus our discussion on interactions be-
tween membrane proteins. In this special case, also the local lipid envi-
ronment can further facilitate protein oligomerization by speciﬁc
binding of transmembrane segments to lipids thereby creating new
binding interfaces [3]. A very common concept in this regard is the
lipid raft hypothesis that postulates lipid domains that compartmental-
ize the plasma membrane and attract raft associated proteins to clus-
ters, within which they can still diffuse and interact [4]. Over years of
reﬁnement of this concept, it has become apparent that lipid rafts are
ephemeral nanoscopic entities that can serve as interaction platforms
for certain proteins, but are hardly large and stable enough to host
large numbers of different proteins. Nevertheless, it seems plausible
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[5]. These associated lipids could then serve as co-factors for interac-
tions with other membrane proteins with the same lipid afﬁnity.
In general, we thus face a variety of protein interactions thatmay dif-
fer in behavior, in nature, and in the way we can approach them exper-
imentally. These three aspectswill be the focus of our paper: we start by
raising questions on protein interactions in general; next, we discuss
speciﬁc examples of protein interactions in the T cell plasma mem-
brane; ﬁnally, we review techniques which are frequently used for pro-
tein interaction analysis and discuss their application to T cell biology.
2. Questions on the mechanisms of protein association
In the light of the broad spectrum of different protein interaction
mechanisms, it is worth considering a few general questions that can
greatly help in selecting the experimental approach to use.
2.1. Question 1.What is the average degree of oligomerization?What is the
statistical distribution of oligomeric states?
There is a variety of methods which allow for determining the aver-
age degree of oligomerization of a speciﬁcmembrane protein. Intuitive-
ly, it seems clear that higher average oligomerization levels correlate
with the presence of higher order oligomers. In practice, however, this
may not always be the case. For example, a sample consisting of 100%
of dimeric protein would yield an average oligomerization level of 2. If
we consider a mixed population of, say, 25% tetramers and 75% mono-
mers, a lower average oligomerization level of 1.75 would be obtained,
although the oligomers themselves would have increased from dimers
to tetramers. In summary, the average degree of oligomerization can
be rather misleading.
2.2. Question 2. What is the dependence on monomer surface density?
What is the binding constant? Is the binding cooperative?
In order to understand binding mechanisms quantitatively, the de-
pendence of the oligomer distribution on the protein surface density
needs to be determined. Similar to the 3D situation, Langmuir isotherms
allow for determination of association constants. In 2D, however, asso-
ciation constants are measured in units of surface density. Due to topo-
logical constraints at the cell surface, 2D association constants are
difﬁcult – if not impossible – to predict from 3Dmeasurements of puri-
ﬁed protein domains.
Monomers may assemble independently [6], but also cooperative
binding with higher statistical weights of speciﬁc oligomeric states oc-
curs frequently [7].
2.3. Question 3. What are the kinetic rate constants? What is the
(un)binding behavior?
In a non-cooperative binding process, the ratio of kinetic on-rate
versus off-rate determines the degree of association. In other words,
higher on-rates can be balanced by higher off-rates, so that the oligo-
meric state remains the same. The kinetic rate constants thus deﬁne
the velocity, with which equilibration proceeds.
For biochemical reactions it is generally assumed that unbinding fol-
lows a simple differential equation of the form d P½ dt ¼−k P½ , with [P]
denoting the surface density of the protein associate, and k the kinetic
off-rate. The solution to this equation is an exponential decay [P] =
[P]0 exp(−kt). It turns out, however, that in a variety of cases unbinding
follows different kinetics. For example, if forces are involved, the rate
constant k becomes time-dependent, which gives rise to a pronounced
maximum in the unbinding curve, and also the likelihood for dissocia-
tion gets time-dependent [8]. There are also situations, where proteins
do not directly bind but associate indirectly via co-partitioning into
the same domains: in such cases, the domain morphology alsoinﬂuences association and dissociation kinetics. It turns out that the es-
cape times show highly non-exponential distribution [9].
2.4. Question 4. Is the oligomerization equilibrated at the plasma mem-
brane? If not, where is it adjusted?
Slow dissociation kinetics result in extremely stable oligomers,
which likely do not change their stoichiometry during the lifetime
of the protein at the plasma membrane [6]. In such cases, there is
hardly any equilibration of the binding process at the plasma mem-
brane before protein reuptake or degradation. Such protein oligo-
mers are formed and stabilized before transport to the plasma
membrane, putatively at the ER, the Golgi, or other organelles in-
volved in protein sorting.
2.5. Question 5. Does oligomerization require themodiﬁcation of themono-
mer (e.g. phosphorylation, acylation,…)? What is the fraction of modiﬁed
proteins, which participate in the oligomerization process?
Frequently, protein interaction can bemodulated by covalent modi-
ﬁcations of the binding partners, e.g. the binding of SH2-domains to
phosphorylated tyrosines. Also, the modiﬁcation of proteins with acyl
chains (e.g. by palmitate) is expected to aid in the oligomerization pro-
cess [10]. It is thus possible that oligomers contain differently modiﬁed
subunits.
2.6. Question 6. Does the oligomerization process involve or rely on other
molecules (proteins, lipids, ions,…)?
In a typical experiment, the protein of interest is ﬂuorescently la-
beled, and its binding to putative ﬂuorescently labeled interaction part-
ners is measured. Frequently, however, the binding involves adaptor
proteins or othermolecules,which are not observable in the actualmea-
surement. The concentration of such adaptors can vary substantially:
adaptor proteins can be deliberately expressed or targeted to the plas-
ma membrane by the cell, the concentration of lipids such as PIP2 is
tightly regulated, and ion concentrations (e.g. Ca2+) can rapidly in-
crease during signaling.
2.7. Question 7. Is the effect of apparent homo-association a consequence of
the exclusion of bulky protein domains from crowded areas?
It is believed that apparent clustering of some proteins originates
from the exclusion of bulky ectodomains from densely packed areas in
cell-to-cell adhesion zones. This particular effect was observed in T
cells, for instance, where the transmembrane phosphatase CD45 is
displaced from cell–cell contacts [11,12].
2.8. Question 8. What is the mobility of the complex? Does it depend on the
degree of oligomerization?
Variousmethods described below are limited to themeasurement of
either mobile or immobile structures. Thus, only a subpopulation of po-
tentially interacting proteins can be analyzed. If oligomerization and
mobility of the protein of interest correlate, biased results could be ob-
tained. In the extreme case of freely diffusing monomers and
immobilized oligomers, some methods would reveal pure monomeric
distributions, whereas othermethodswould detect nomonomers at all.
2.9. Question 9. Can experimental artifacts account for apparent protein
association?
Indeed, as we will discuss below, many experimental approaches
may lead – under certain circumstances – to the detection of protein as-
sociation,which does not reﬂect a true interaction process. For example,
if the cell membrane shows curved topology – like in microvilli or
Fig. 1. Composition of the TCR complex. Disulﬁde bonds are shown in black boxes. Ionic
amino acids in the transmembrane regions are aspartic acid (red circles), glutamic acid
(orange circles), arginine (purple circle) and lysine (green circle). Dashed lines indicate
the respective interactions that are also described in the text.
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which gives rise to apparent retardation or clustering [13]. Also vesicles
located close to the plasma membrane may be misinterpreted as pro-
tein clusters in the membrane [14]. Finally, overcounting or
undercounting due to blinking or incomplete maturation of the
ﬂuorophores may lead to wrong estimation of oligomer sizes.
3. Protein associations at the T-cell plasma membrane
T lymphocytes have evolved to recognize with remarkable sensitiv-
ity foreign peptide structures displayed by antigen presenting cells. Sev-
eral components of the T-cell antigen recognition machinery have been
shown to oligomerize, and the T cell activation complex has become a
paradigm of multi-protein complex formation [15–17]. Several key
components of the T cell signaling network have been shown to associ-
ate even before T cell activation both via direct binding and via
partitioning into larger domains [18–22].While themechanismof inter-
action can often be mapped to speciﬁc regions of the proteins, the func-
tional advantage of these associations is often unclear and rather
speculative as we will see below.
3.1. The T cell receptor (TCR) complex
T cells recognize antigens by binding of the TCR to a foreign peptide
presented by the major histocompatibility complex (MHC). The TCR is
composed of anαβ heterodimer, which lacks intracellular signaling do-
mains. It therefore constitutively associates with accessory CD3γε and
δε heterodimers as well as a ζ-chain homodimer, all of which contain
immunoreceptor tyrosine-based activation motives (ITAMs) for signal
propagation. Interestingly, the CD3γε and δε heterodimers contain in-
tramolecular disulﬁde bonds in the extracellular regions that have
been shown to be structurally important for TCR assembly [23] (Fig. 1).
Formation of the TCR complex is driven by ionic interactions be-
tween acidic amino acids on CD3 and basic amino acids on the TCRαβ
heterodimer within the transmembrane helices of the TCR. In addition,
the αβ, heterodimers as well as the ζ-chain homodimer are covalently
linked by a disulﬁde bridge in the extracellular region close to themembrane [24,25], making them constitutive dimers. We recently pro-
posed that mechanical strain on the TCR–pMHC bond during antigen
sensing could improve T cell speciﬁcity [8]. In this respect, the relatively
rigid structure formed by tight packing of the TCR complex,which is fur-
ther stabilized by covalent disulﬁde bonds, could be of importance for
mechanosensation during antigen recognition [23,25,26]. In this view,
the exquisite multimeric structure of the TCR complex itself could
have evolved to efﬁciently transmit mechanical cues, which lie in the
pN range, into the T cell.
Controversy exists, however, about the exact number ofαβ TCR het-
erodimers per TCR complex. While electron microscopy as well as bio-
chemical analysis methods based on detergent extraction detected
TCR complexes containing more than one αβ heterodimer [20], live
cell single molecule imaging experiments were unable to conﬁrm this
ﬁnding [27,28]. Moreover, detailed in vitro analysis of TCR complex for-
mation indicates that the association of more than oneαβ heterodimer
would be structurally unfavorable [24]. While a multimeric TCR com-
plex in respect to theαβ heterodimer seems unlikely, the above reports
agree on the fact that individual αβγεδεζζ receptor complexes show
non-random plasma membrane distribution [20,21,27,29,30]. In any
case, considering that the TCR is composed ofmultiple tightly associated
polypeptide chains and that higher order associations of TCR complexes
have been observed by different techniques, the question arises about
the functional relevance of such associations.
A possible function of TCR clustering was proposed recently based
on the hypothesis of induced rebinding of pMHC to cognate TCR [31].
According to this hypothesis, the chance of rebinding of pMHC to TCR
complexes in a cluster increases over time andwithmultiple prolonged
binding events. However, data from our lab [32] and from others [33]
did not indicate signiﬁcant pMHC rebinding within single TCR
microclusters.
The association of multiple TCR complexes would not only augment
their rebinding to pMHC on the outside of the cell, but also binding and
recruitment of signaling components inside the T cell. This effect could
be relevant, since T cell activation likely depends on interaction times
of TCR–pMHC over a certain threshold [34]. This threshold could be de-
ﬁned by the recruitment of signaling molecules over time. If multiple
TCR complexes are enriched and codiffuse locally, initiating signals
would not be dispersed over the whole plasma membrane, thereby in-
creasing chances to reach the threshold.
On the other hand, enhanced avidity for intracellular binding part-
ners could also enhance the interaction of clustered or oligomerized
components of the TCR machinery to the cytoskeleton, in particular
the actin network [30]. Actin-mediated transport mechanisms have
been reported to be important during T cell activation by mediating di-
rected transport of TCR complexes from the cell periphery to the center,
where they are internalized and recycled.
3.2. The co-receptors CD4 and CD8
The sensitivity of T cells for cognate pMHC is signiﬁcantly increased
in the presence of the co-receptor molecules CD4 and CD8 [35,36].
These transmembrane proteins are expressed on T helper cells or cyto-
toxic T lymphocytes, respectively. The underlying mechanism is gener-
ally thought to rely on the binding of the C-terminal region of the co-
receptor to the N-terminal region of the src-family kinase Lck that func-
tions as the central initiator of T-cell signaling. Since CD4 and CD8 inter-
act weakly with non-polymorphic regions of MHCI or MHCII,
respectively, they could thereby recruit Lck to the sites of prolonged
TCR–pMHC interaction [37]. Co-receptor binding to Lck is facilitated
by a so-called Zn++ clasp motif [2], in which Zn++ is complexed be-
tween two cysteines in the C-terminal region of CD4 and two cysteines
in the N-terminal segment of Lck (CD8α contains equivalent cysteine
residues, which facilitate interaction with Lck). Little is known about
the stability of this interaction.Micropatterning combinedwith ﬂuores-
cence recovery after photobleaching (FRAP) revealed that Lck can
CD4
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C
C
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2+
CD4
C
C Zn
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Fig. 2. Interactionmechanism between CD4 and Lck. CD4 interacts with Lck via a so-called Zn++ clasp indicated by the black and yellow boxes. Palmitic acids on CD4 and Lck are shown as
purple zigzags, and myristic acid on Lck is indicated by an orange zigzag. Since the interaction between CD4 and Lck is dynamic [32] and the interacting regions both homo- and hetero-
associate [43], exchange between the binding partners would be possible.
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ing that the interaction is probably very dynamic [38] (Fig. 2).
The functional form of CD8 is a constitutive dimer that can be com-
posed of either an αβ heterodimer or an αα homodimer [36], which
shows weak afﬁnity for MHCI (Kd ~ 100 μM [39]). The α subunit inter-
acts with Lck and is therefore key for Lck recruitment to the TCR. CD4
is expressed as a single polypeptide chain that has been reported to
form homodimers [40–42]. Although the afﬁnity of monomeric CD4
for MHCII is very low (Kd ~ 200 μM [36]), one may speculate that stabi-
lization of TCR–pMHC complexes by CD4 could prolong cognate binding
events and thereby inﬂuence a kinetic proofreadingmechanism [34]. At
present, however, it is not clear, by which mechanism relatively weak
binding of co-receptors toMHCmolecules could lead to speciﬁc recruit-
ment of Lck to sites of cognate TCR–pMHC binding.
The interaction interface of CD4dimerswas originallymapped to the
extracellular domains of the protein [22,42]. In addition, two palmitic
acids close to the transmembrane region were proposed to contribute
to CD4 oligomerization via lipid raft mediated interactions [43,44].
More recently, however, a different interaction mechanism has been
identiﬁed, in which the same cysteine residues that mediate Zn++ de-
pendent binding to Lck (C420 and C422) also facilitate dimer formation
[45]. In this situation, Lck and CD4would compete for CD4-binding. This
scenario opens up interesting possibilities about how dimerization of
CD4 could release Lck molecules or vice versa (Fig. 2). A high local con-
centration of Lck could destabilize CD4 dimers by saturating the com-
mon binding site or, alternatively, enrichment of CD4 could displace
Lck. Such a process would depend strongly on the relative stabilities of
the two complexes. Live cell data for CD4 interaction kinetics, however,
are currently lacking.
3.3. Lymphocyte speciﬁc kinase (Lck)
Lck triggers T cell signaling by carrying out the initial phosphoryla-
tion steps on the ζ-chain ITAMs of the TCR complex. It has been
shown that Lck can formdimers [38,46–48], but the dimerizationmech-
anism and the functional relevance have remained elusive. A likely
mechanism for dimer formation could depend on the N-terminal
Zn++ clasp motif, similar to CD4 dimerization described above. This
mode of interaction again raises the question if binding equilibria be-
tween CD4 and Lck could be modulated (at least locally) in the T cell
to retain or release Lck from CD4. Since Lck is anchored to the plasma
membrane by a lipidated membrane anchor composed of one myristic
and two palmitic acids, which have been proposed to facilitate lipid
raft association [49], it is also possible that lipids inﬂuence Lckdimerization. Lipid mediated dimerization of Lck, however, has so far
not been investigated.
In T cells, Lck activity is exquisitely tuned by an activating phosphor-
ylation of Y394 and an inhibitory phosphorylation of Y505 [50]. Trans-
autophosphorylation of Y394 can occur and result in activation of Lck.
Dimerization could therefore be a mechanism to increase or maintain
Lck activity during T cell activation. Furthermore, dimerization-
dependent trans-autophosphorylation could be modulated via Lck–
CD4 binding [41,51] and thereby again depend on the relative local con-
centrations of CD4 and Lck.
Lck also forms clusters of ~150–200 nm, which are inﬂuenced by
activation-dependent conformational states [18]. Since the enzymati-
cally active form of Lck (phosphorylated on Y394 and Y505) was
enriched in clusters, which further excluded the inactivating phospha-
tase CD45, clustering could be amechanism to locally enhance Lck activ-
ity. The exact mechanism for Lck clustering, however, remains obscure.
The Lck lipid anchor only moderately facilitated clustering, thus pro-
tein–protein interactions seem to be the driving forces for the formation
of Lck domains. Whether these interactions are inﬂuenced by direct
Lck–Lck binding events, however, remains to be determined.
4. Measuring association of plasma membrane proteins
A variety of methods have been designed to detect and quantify
what is casually termed membrane protein association. We can opera-
tionally group such methods into biochemical, molecular biological,
protein micropatterning, spectroscopic, as well as electron and single
molecule ﬂuorescence microscopy techniques. In this review, wemain-
ly focus on ﬂuorescence-based single molecule techniques that have
been attracting widespread attention in recent years. An overview is
given in Table 1. In the following, we discuss the capabilities of the dif-
ferent approaches in light of the different interaction mechanisms
discussed so far. As it turns out, the spectrumof properties of protein as-
sociates makes direct comparison between different experimental ap-
proaches and the obtained results difﬁcult; for example, it may well
be that mobile oligomers can be detected by one experimental ap-
proach, but missed by a different approach, which leads to seemingly
contradicting results.
4.1. Biochemical approaches
Co-immunoprecipitation is still the most common and straightfor-
ward wet-lab approach to detect direct associations of proteins. It is
based on the afﬁnity puriﬁcation of interaction partners of a bait protein
Table 1
Summary of methods to analyze protein association.
Method Live cells Quantiﬁcation of oligomerization degree Time resolution Spatial resolution Application to T cell biology
SiMPull No Yes No No –
BiFC Yes No No Molecular contact –
Micropatterning Yes Yesa Seconds to minutes No [38,67]
FRET, BRET Yes No No ~5 nm [28,110–115]
FCCS Yes Yesa Milliseconds ~λ/NA [46]
TCCD Yes Yesa Milliseconds ~λ/NA [27]
N&B, SpIDA Yes Yesa No ~λ/NA
SMT Yes Yes Milliseconds to minutes ~20 nmb [116–118]
TOCCSL Yes Yes Seconds ~20 nmb [100]
Stepwise photobleaching Yesc Yes No ~20 nmb –
PALM, STORM Yes Yesd Minutes ~20 nmb [14,18,21]
a Only average degrees of oligomerization can be obtained.
b Set by the single molecule localization precision.
c Only applicable to immobile molecules. Cell ﬁxation is workaround.
d Care has to be taken due to overcounting artifacts (see text for details).
795F. Baumgart, G.J. Schütz / Biochimica et Biophysica Acta 1853 (2015) 791–801[52], and is often combined with mass spectrometry to characterize the
prey [23,24,45,53,54]. Care has to be taken, however, when transferring
co-immunoprecipitation data to the native system: results are prone to
false positives, since the cell lysis disrupts spatial organization, but also
false negatives, since weakly interacting complexes do not endure the
puriﬁcation process. Particularly, the choice of the detergent used for
cell lysis is critical for detectingweak interactions, as has been observed
in the case of stoichiometry studies of the TCR complex [20]. Photo-
crosslinking of proteins may help stabilizing interactions prior to cell
lysis [55], however, this approach distorts the actual situation at the
plasma membrane and may in turn overrate weak interactions. Next,
it is difﬁcult to obtain real subunit copy numbers using biochemical
analysis tools. Interestingly, Schamel and coworkers developed a meth-
od (NAMOS-assay) to determine the subunit stoichiometry of multi-
protein complexes based on their electrophoretic mobility shift in Blue
Native gels after incubation with subunit-speciﬁc antibodies [56].
For quantitative analysis of bead-coupled immunoprecipitates with
high sensitivity, ﬂow cytometry has been used (IP-FCM) [57,58]. Simi-
larly, the group of Taekjip Ha recently came up with an idea to combine
classical pull-down assays with single molecule ﬂuorescence microsco-
py to quantify the composition of individual complexes by ﬂuorescence
labeling and single molecule counting [59]; the method was termed
single-molecule pull-down (SiMPull).
Taken together, biochemical approaches are adequate qualitative
tools, e.g. to screen for unknown interaction partners of a given bait.
For known protein complexes biochemical methods can also be used
to obtain quantitative information. Inferring onto the native situation
of the plasmamembrane, however, is problematic and requires further,
more direct experiments.
4.2. Molecular biological approaches
Molecular biological approachesmake use of the formation of a new
functional protein out of two non-functional protein fragments, if the
bait associates with the prey. The most prominent example is the
yeast-two-hybrid system, in which bait and prey are linked to non-
functional fragments of a transcription factor; upon interaction, the
two fragments complement each other to reconstitute the functional
protein [60]. Analogousmethods are based on the formation of a signal-
ingmolecule in the Ras recruitment system [61], of a ubiquitinmolecule
in the split ubiquitin system [62], or of a ﬂuorescent protein in the bimo-
lecular ﬂuorescence complementation (BiFC) analysis [63], using non-
functional fragments linked to bait and prey. Finally, protein contact
can be detected via proximity ligation [64]. In this technique, bait and
prey are labeled with speciﬁc antibodies linked to oligonucleotides;
upon contact, circular DNA strands are formed which can be detected
by rolling circle ampliﬁcation.The described molecular biological methods do not require cell lysis
and thus reﬂect more closely the native situation at the plasma mem-
brane than biochemical approaches. Still, molecular orientation and
bait–prey distance frequently hamper the formation of the readout
complex. In addition, the newly formed compound stabilizes the bait–
prey interaction, so that oligomers likely become overrated. Taken to-
gether, approaches based on molecular biology hardly allow for ad-
dressing the questions posted above.4.3. Protein micropatterning
In the last years, our group has introduced micropatterned surfaces
as a new tool to detect and quantify molecular interactions between a
ﬂuorophore-labeled protein (prey) and a membrane protein (bait) in
the life cell plasma membrane [38,65,66]. Fig. 3 shows the principle of
themethod. A speciﬁc ligand to the exoplasmic domain of the bait is ar-
ranged inmicropatterns on a glass surface; an example for such a ligand
may be an antibody. The intermediate gaps are passivated with BSA.
When cells expressing the bait are plated on such surfaces, the bait fol-
lows the antibody patterns. To address bait–prey interactions, the later-
al distribution of ﬂuorescently tagged prey is analyzed and compared
with the antibody/BSA micropatterns. Interaction leads to pronounced
co-patterning, whereas lack of interaction yields homogeneous prey-
distribution. We used the method to characterize the interaction be-
tween CD4 and Lck [38,67] and between the EGF-receptor and the sig-
nal transmitting protein Grb2 [68]. From quantitative brightness
analysis of both bait and prey, one can obtain average degrees of oligo-
merization. Interestingly, we observed that the binding between CD4
and Lck was not saturable up to highest Lck expression: on average, a
single CD4 molecule recruited 9 Lck molecules [67].
The micropatterning method can be further combined with other
techniques to obtain additional information. For example, we have
used micropatterning in combination with FRAP to determine the off-
rate between the immobilized bait CD4 and the mobile prey Lck [38,
65]. As expected, the CD4–Lck interaction was extremely stable with
an average lifetime of 3 min. To our surprise, a truncated Lck version
lacking the membrane anchor – but containing the required cysteines
for the formation of the Zn++ clasp structure – showed substantially re-
duced binding afﬁnity to CD4 with an average lifetime of only 4 s.
As a live cell method, micropatterning provides closer insights to the
natural situation than thebiochemical andmolecule biology approaches
discussed above. It also allows for approaching most of the questions
raised above: average degrees of oligomerization (Question 1), binding
curves (Question 2), kinetic rate constants (Question 3), and the role of
adaptor proteins (Question 6) and of size exclusion (Question 7) can be
measured.
immobilized
CD4 antibodyCD4 (bait)
fluorescently labelled
Lck (prey)
glass slide
α
Fig. 3. Proteinmicropatterning. A cell expressing both CD4 and Lck is seeded on a glass surface coatedwith an antibody against the extracellular domain of CD4. The antibody only adheres
to speciﬁc areas of the glass slide that have been functionalized.When the cell attaches to the glass slide the antibody binds and recruits CD4. Proteins that interactwith CD4 – e.g. Lck – are
co-recruited to the CD4 enriched areas [40].
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The most prominent spectroscopic technique utilizes the energy
transfer between a donor and an acceptor dye (Förster Resonant Energy
Transfer, FRET) to sense molecular proximity [69,70]. FRET allows for
detecting molecular interactions in situ via the efﬁciency of the energy
transfer: ideally, if donor-labeled bait and acceptor-labeled prey are as-
sociated, a high FRET signal can be recorded, whereas non-associated
proteins generate low-FRET background. FRET is thus a sensitive meth-
od to measure molecular proximity. The Förster length deﬁnes the dis-
tance at which half of the energy gets transferred. It scales with the
overlap of the donor's emission spectrumwith the acceptor's absorption
spectrum: the measurement mode is termed hetero-FRET if two differ-
ent dyes are used as donor–acceptor pair, and homo-FRET if the same
dye is used. Typical Förster lengths are around 5–7 nm.
There is a variety of approaches to measure hetero-FRET, which are
nicely reviewed e.g. in [69]. For example, onemay record the sensitized
acceptor emission upon donor excitation. The implementation of this
method is rather straightforward in confocal or wide-ﬁeldmicroscopes:
it only requires the possibility to record two spectrally separated
emission channels – donor emission and acceptor emission – and
to switch between donor and acceptor excitation. Obtaining FRET ef-
ﬁciencies, however, requires rather tedious calibration experiments
[71]. Alternatively, one may determine the increase of donor intensi-
ty upon acceptor photobleaching, which provides a direct measure of
FRET efﬁciencies without the need for additional calibrations; since
acceptor photobleaching is irreversible, however, this approach
yields only a single snapshot of the analyzed sample.
Both sensitized emission and acceptor photobleaching provide only
average FRET efﬁciencies. To resolve subpopulations, many researchers
use lifetimemeasurements, where changes in donor lifetime due to the
presence of a nearby acceptor molecule are determined [72]. From the
lifetime histograms, even FRET subpopulations can be quantiﬁed. The
disadvantage is the longer recording time for single pixels, making im-
aging a time-demanding process. Finally, homo-FRET can be measured
via the ﬂuorescence anisotropy, which decreases due to the scrambling
of the polarization upon energy transfer [69]. Bioluminescence reso-
nance energy transfer (BRET) is an attractive alternative to circumvent
some practical problems associated with FRET [73,74].
It turns out that in practice it is not straightforward to apply FRET for
quantifying interactions between membrane proteins. In general, FRET
may arise from accidental encounters of randomly dispersed proteins,or from proteins that interact with each other [75]. In the ﬁrst case,
one would expect a dependence of the FRET signal on the surface den-
sity of probe molecules. In a series of papers the group of Mayor found
concentration-independent homo-FRET values, whichwere taken as in-
dication for the presence of cholesterol-dependent nanoclusters in the
plasma membrane [76–78]; in this view, a higher average probe con-
centration on the cell surface leads to a higher number of clusters, but
not to a higher probe density within the clusters.
In another example, CD4 dimerization was detected using FRET be-
tween two ﬂuorescent protein (CFP/YFP) chimeras of CD4 in live cells
using acceptor photobleaching [41]. In this paper it was found that
CD4 dimers accumulate in the synapse region between the T cell and
the B cell, and that the presence of CD4 dimers correlates with a higher
potency of T cell activation due to recruitment of an activated form of
Lck. It should be noted, however, that via FRET experiments it is impos-
sible to discriminate a direct binding (as assumed by Moldovan et al.
[41]) from an indirect, lipid-mediated association (as reported by the
Mayor group).
4.5. Electron microscopy
Electron microscopy (EM) of freeze fractured cells has been fre-
quently used to study the organization of immunogold-labeled mem-
brane proteins. In most approaches, the clustering of the observed
gold particles is analyzed and compared to a random distribution.
Schamel et al. found evidence for the coexistence of monovalent and
multivalent TCR complexes on the plasma membrane of unstimulated
T cells [20] that increase in number and size upon stimulation [79]. Con-
sistently, Lillemeier et al. reported the presence of separated CD3ζ and
LAT clusters in unstimulated T cells, which merged upon T cell stimula-
tion [21].
The key advantage of EM is the intrinsic high resolution of a few
nanometers, which allows for direct detection of molecular assemblies.
In addition, there is no apparent bias to any subclass of molecules, so
that a fair statistical dataset can be obtained (see for example FCCS,
TCCD, and TOCCSL, which rely exclusively on the analysis ofmobile sub-
species). A main drawback of EM experiments is the low labeling
efﬁciency, which hampers particularly the detection of hetero-
oligomerization. In addition, it is difﬁcult to assess how the invasive
sample preparation methods affect the results. Nevertheless, Lillemeier
et al. could conﬁrm, via live PALM experiments, EM data on CD3ζ and
LAT clustering.
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In theory, quantifying protein–protein interactions at the level of the
individual participatingmolecules provides themost precise answers to
Questions 1 to 9 posted above. In practice, however, technological limi-
tations do not allow monitoring the paths of all involved molecules at
unlimited spatiotemporal resolution. Before discussing the most prom-
inent single molecule methods for detecting protein association and
their application to T cell biology, wewill brieﬂy sketch the principle ad-
vantages and limitations.
Singlemolecule tools are extremely powerful for understandingmo-
lecular interactions in living cells at a mechanistic and quantitative
level: they allow to single out –molecule by molecule – the interesting
players, thus providing details that would be masked in the heteroge-
neous ensemble experiment. Researchers' fascination with single mole-
cule observations derives predominantly from a set of key advantages:
First, subpopulations of molecules can be discriminated and analyzed
separately, e.g. for their oligomeric state or diffusion. Second, correla-
tions betweenmolecular parameters can be unraveled. Mobility, for ex-
ample, can be related to the oligomerization state to better understand
the interaction mechanisms. Third, dynamic processes, like the associa-
tion or dissociation of complexes, can be studied without the need for
synchronization. Last, single molecules can be localized to accuracies
far below the optical diffraction limit, which is the basis for
superresolution microscopy [80].
To discriminate different molecules, however, they have to be sepa-
rated in space (i), time (ii), or color (iii):
(i) Singemolecule signals should not overlap in space. Identiﬁcation
of well-separated diffraction limited spots is one cornerstone of
single molecule imaging. In 2D, a single molecule signal covers
approximately 0.2 μm2. At the membrane, this area is equivalent
to about 1 million phospholipid molecules, and about 10,000–
100,000 protein molecules. That means, by far most of the mole-
cules will not be visible.
(ii) The time domain may help circumventing restrictions from spa-
tial resolution. Indeed, most superresolution microscopy con-
cepts are based on switching ﬂuorophores between dark and
bright states, so that in a single image the signals become spatial-
ly well separated. This is not a limitation for ﬁxed samples.
Superresolution microscopy, however, is being increasingly
used in the live cell context. In this case, the time resolution for
recording one image depends on the number of frames – typical-
ly hundreds to thousands – required to reconstruct the
superresolution image. Time resolution is thus limited to a few
tens of seconds. A quick calculation shows that this is particularly
unfavorable for high resolution imaging. Consider a slowly mov-
ing cellular structure described by a diffusion constant of
10−3 μm2/s. For imaging at 200 nm resolution, a total recording
time of ~10 s is sufﬁcient to virtually freeze the motion of the
structure. Resolution of 20 nm – as achievable with the discussed
single molecule techniques – demands for a recording time of
only ~100 ms, which is still orders of magnitude shorter than
all approaches reported so far.
(iii) Not every protein in the sample can be labeled. Due to the broad
absorption and emission spectra, only a few – say, up to four –
different antibodies conjugated to different organic dyes can be
used simultaneously for multi-color microscopy. This allows for
capturing homo- or heteroassociations of known proteins, but
is not helpful when screening for unknown interaction partners.
4.6.1. Fluorescence cross-correlation spectroscopy (FCCS)
FCCS was the ﬁrst method to determine the codiffusion of two mo-
bile species. Similar to ﬂuorescence correlation spectroscopy (FCS), a
laser is focused onto the sample and the ﬂuctuations of the signal are re-
corded (Fig. 4A). In FCCS, however, two laser spots are overlaid, and thecross-correlation function is determined. Both FCS and FCCS can be used
for particle counting. It is based on the principle that Poissonian distri-
butions of particle concentrations in the laser focus yield signal ﬂuctua-
tions which scale with the square-root of the number of particles,ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
δF2
D Er
∝
ﬃﬃﬃﬃﬃﬃﬃ
Nh ip ; the signal itself, however, scales linearly with the par-
ticle number 〈F〉 ∝ 〈N〉, so that the correlation amplitude becomes de-
pendent on 〈N〉, G0 = 〈δF2〉/〈F〉2 = 1/〈N〉. Thus, from the amplitude of
the cross-correlation curve the concentration of codiffusing species
and the degree of binding can be inferred [81]. FCCS is thus a quantita-
tive approach, providing average degrees of oligomerization.
Although FCS and FCCS are well suited for capturing the dynamics of
processes, it is challenging to infer the time-dependence of the protein
association: characteristic on- and off-times need to be separable from
other processes like diffusion. Particularly, no information can be ob-
tained on the stability of the complex for times greater than the typical
transit time through the laser focus τ≈ω2/4D≈ 10–100 ms for typical
membrane proteins; ω denotes here the radius of the laser spot, and D
the diffusion constant of the complex.
With FCCS, Triffo et al. found homo-association of the Lckmembrane
anchor in the Jurkat T cell plasmamembrane, but nohetero-associations
of different lipid anchors [46]. They interpret their data in view of pre-
existing non-overlapping domains hosting the different membrane an-
chors. Similarly, Lillemeier and co-workers could support their ﬁnding
that CD3ζ and the signaling protein LAT codiffuse in what they termed
protein islands in the T-cell plasma membrane [21].
4.6.2. Two-color coincidence detection (TCCD)
The Klenerman lab pushed FCCS to the limit of single molecule de-
tection, so that coincidences of single red and green labeled proteins
in the overlaid excitation laser foci could be directly counted [82]
(Fig. 4A). Themethod can be seen as the extension of FCCS to lower sur-
face densities, where cross-correlation functions would be too noisy to
obtain unambiguous results. With this technique, it was demonstrated
that mobile TCRs are monomeric in the plasma membrane of non-
activated T cells, using TCR labeled with green or red ﬂuorescent Fab
fragments [27].
4.6.3. Number and brightness (N&B) analysis, spatial intensity distribution
analysis (SpIDA)
Like in FCS, the N&B approach introduced by the group of Enrico
Gratton makes use of the number-dependence of signal ﬂuctuations
for Poissonian distributions [83]. In this case, however, images recorded
on the camera are used to obtain the required time traces, and ﬂuctua-
tion analysis is performed on each pixel (Fig. 4B). As an output, the
method reveals the average number of codiffusing dye molecules on
each pixel of the image. In principle, the full photon distribution could
be analyzed aswell, providing information on the statistical distribution
of oligomers [84]. Finally, information on the signal ﬂuctuations can be
also inferred by comparing different pixels on an image, leading to
SpIDA [85].
4.6.4. Single molecule tracking (SMT)
A conceptually straightforward approach for detecting protein–pro-
tein interactions is the study of single molecule trajectories by directly
watching and analyzing the encounters and dissociations of two differ-
ently labeled membrane proteins. A binding event can be singled out
from random probe distribution by identifying pairs of proteins with a
distance below a pre-deﬁned threshold R. The sensitivity of single mol-
ecule tracking is based on the extremely high localization precision for
single molecule signals, σ, of a few ten nanometers [86], which allows
to reliably discriminate between true binding events, and molecules
whichhappen to be close due to stochastic encounters. Detailed analysis
allows for revealing directly the interaction lifetimes for every oligomer,
which allows for determination of kinetic rate constants (Question 3);
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be addressed (Question 8).
Single molecule localization can be also performed in 3 dimensions,
e.g. by recording multiple focal plains [87,88], by using astigmatic dis-
tortion [89,90], or by utilizing the decrease in brightness within the ev-
anescent TIR ﬁeld [91]. 3D imaging is critical when true interactions
have to be discerned from apparent co-localizations, which may arise
from the two-dimensional projection of 3-dimensional single molecule
trajectories (see Question 9).
Direct observation of the interaction between differently labeled
membrane proteins was used to quantify e.g. the homo-association of
GPI-anchored proteins [92] or G-protein coupled receptors [93,94]
(Fig. 4C). The Vale lab also used SMT to characterize diffusion of compo-
nents of early T cell signaling in live Jurkat cells [95]. They used the tech-
nique to analyze transient immobilization of different membrane
proteins – particularly Lck – in protein-mediated clusters inferring
thereby their interaction. More detailed analysis of the data, however,
was not carried out.
We recently provided a theoretical framework for the quantiﬁcation
of false positives and negatives in single molecule tracking experiments
[96]. The critical issue is to increase the rate of the detected true posi-
tives (DTPA) while minimizing false positives (FPA), which can be
achieved by appropriately adjusting the threshold value R. In addition,
experimental constraints also help to improve the detection of protein
binding. For example, increasing the localization precision allows for
lowering R to reduce FPAwithout affecting DTPA. Finally, the codiffusion
over several frames allows for further reducing false positives due torandom co-localizations, as such pairs would rapidly separate due to
their uncorrelated random walk.
4.6.5. Thinning out cluster while conserving the stoichiometry of labeling
(TOCCSL)
In practice, binding analysis by singlemolecule tracking is frequently
hampered due to too high surface density of membrane proteins. It is
common practice to reduce the number of active ﬂuorophores e.g. by
underlabeling, by photobleaching, or by photoswitching to a dark
state. In consequence, however, many molecular binding events will
be missed, because one of the two interaction partners does not carry
an active ﬂuorophore at the time of observation. Let us sketch the situ-
ation by a simple calculation: if we assume 100 molecules per μm2 –
typical e.g. for the TCR [97] – the surface density has to be reduced at
least 100-fold to reach the level of well-separated non-overlapping
signals. The apparent colocalization rate is given by p = plabelpcoloc/
[1 + pcoloc(1− plabel)]≈ plabelpcoloc, where plabel denotes the fraction
of proteins carrying an active ﬂuorophore, and pcoloc the fraction of
colocalized proteins. The described 100-fold reduction in labeling thus
yields a 100-fold reduction in colocalization events.
For such situations, we have devised amethodology termed TOCCSL
to thin out clusters in biomembraneswithout altering the stoichiometry
of the label [98]. In conjunction with single molecule brightness analy-
sis, TOCCSL yields the full distribution of oligomeric states of mobile
membrane constituents, thereby addressing the problem raised above
as Questions 1, 2, and 8. Fig. 4D shows the principle of the method:
by photobleaching of a small area of the plasma membrane all
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the remaining regions of the plasmamembrane remain active. Thereby,
oligomers either become dark or retain their brightness. Brownian mo-
tion leads to recovery of the ﬂuorescence signal; at the onset of this re-
covery process, the individual entities can be resolved aswell-separated
diffraction-limited signals. The brightness of each signal can be quanti-
ﬁed and, upon comparison to the brightness of a single dye molecule,
the full distribution of oligomeric states can be inferred.
While TOCCSL allows for resolving the full distribution of oligomeric
states, it is naturally limited to mobile entities; any immobile fraction
cannot be analyzed. Also transient interactions with lifetimes signiﬁ-
cantly shorter than the recovery time of ~1 s would be missed. Finally,
if oligomerization correlated with mobility, TOCCSL may reveal
distorted distributions, as predominantly the fast fraction contributes
to the data. For a detailed user-guide to TOCCSL and a discussion of po-
tential short-comings please refer to Ref. [99].
We have used this technique to determine the homo-association of
Lck [38], GPI-anchored proteins [100], transmembrane transporters
[6], or the subunit stoichiometry of an ion channel [101]. It is further
compatible with two-color imaging to study molecular colocalization
[96].
4.6.6. Stepwise photobleaching
A single molecule trajectory encodes the temporal progression not
only of spatial coordinates, but also of other properties like the ﬂuores-
cence intensity. Ideally, the number of photons emitted from a single
ﬂuorophore remains constant until the photobleaching ultimately ter-
minates the trajectory. In the case of oligomers, the photobleaching of
each ﬂuorophore can be observed as a stepwise drop in the intensity
trace (Fig. 4E). From the number of steps, the size of the oligomer can
be directly determined [102,103].
Since the method infers the degree of oligomerization from the
number of bleaching steps, it critically relies on a 1:1 labeling stoichiom-
etry. Speciﬁcally, one has to avoid labeling approaches yielding anunde-
ﬁned number of dyes per subunit (e.g. by using ﬂuorescent antibodies).
Undercounting e.g. due to the presence of non-active ﬂuorophores, can
also be problematic, resulting in an underestimation of the degree of
oligomerization. The problem is well known for GFP, where due to in-
complete maturation only ~80% of the proteins are actually ﬂuorescing
[102].
4.6.7. Superresolution microscopy (PALM, STORM)
In the last few years, optical methods were developed, which allow
for circumventing the classical diffraction limit, enabling microscopy
at a resolution below 50 nm [80]; acronyms are PALM, fPALM, STORM,
and dSTORM. Their common idea is to stochastically switch
ﬂuorophores on and off, so that only a marginal portion of the ﬂuores-
cent labels is active and individualﬂuorophores can be imaged as isolat-
ed diffraction-limited spots; the positions can be determined with
accuraciesmuch below the diffraction limit (Fig. 4F). By repeatedly acti-
vating and deactivating ﬂuorophores in the sample, a collection of all
single molecule positions can be obtained, which is equivalent to a
superresolution ﬂuorescence image of the sample. Recording a
superresolution image takes from a few seconds up to 1 min, thus the
technology offers even moderate time resolution.
Using superresolutionmicroscopy several groups found clustering of
T cell signaling proteins in the plasma membrane [18,19,21,104,105].
The Gaus group showed previously uncharacterized clustering of Lck
[18]. Moreover, CD3ζ and LAT also appear to form clusters in the T cell
plasma membrane that increase in size during activation [19,21,104].
From single molecule brightness analysis it was further found that
parts of the LAT clusters were actually LAT-positive vesicles proximal
to the T cell plasma membrane [14].
An intriguing aspect of photoswitchingmicroscopy is the possibility
of detecting molecular clusters below the diffraction limit. Cluster de-
tection approaches developed for immunogold electron microscopycan be applied and give a size estimate of the molecular association
[106]. One has to ensure, however, that each molecule is counted only
once; overcountingmay lead to clustering artifacts, as shown for exam-
ple in Ref. [107] (see also Question 9). This limitation is severe in (d)
STORM approaches, where (i) more than one dye is typically attached
to each antibody, and (ii) reversible photoactivation cycles are
employed. Using photoactivatable proteins fused to the target protein
ensures stoichiometric labeling, however, also in this case the presence
of multiple photoconversion cycles cannot be excluded a priori [107]. A
few strategies have been introduced to approach this problem, essen-
tially by utilizing additional temporal or spatial information. Annibale
et al. proposed to exploit the fact that dark intervals in the blinking
trace of a single dye molecule follow characteristic statistics, which
can be discriminated from the activation of a previously not visible
ﬂuorophore [108]. Alternatively, Veatch et al. suggested using spatial
correlation to sort out virtual clusters due to multiple excitations of
the same dye based on the lower spread of the localizations [109].
5. Conclusions
New technological approaches allow for the ﬁrst time to capture the
details of protein–protein interactions, which are the prerequisite for a
mechanistic understanding of the interaction processes. Undoubtedly,
the T cell plasma membrane is highly structured, with (co-)receptors
being oligomerized, and segregated to speciﬁc domains. The difﬁculty,
however, to reach a consensus even on apparently simple questions
like the oligomeric state of the TCR indicates that we may need to con-
sider more carefully the validity range of the different techniques. For
example, we could envision a scenario, where a subfraction of the pro-
tein indeed associates to clusters, which can be detected by electronmi-
croscopy [20], standard TIRF microscopy [30], and PALM [21]. If those
clusters were immobile, they would have been missed by approaches
selective for the analysis of mobile species like FCCS [27]. If the fraction
of free monomers outweighs the associated fraction, also proximity
methods like FRET or BRET would likely have missed the oligomers
[28].
In summary, before we can appreciate the results we need to under-
stand the technique. We hope that this review helps in understanding
the pros and cons of a selection ofmethods,whichﬁll the current/future
toolbox of cell biologists.
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